ABSTRACT Prosperity of information technology triggers a tremendous amount of digital data that needs to be stored by storage memories with ultra-high capacity. Although probe-based memory has exhibited its superb storage merits, its developments to date, however, remain slow due to several physical limits. In order to overcome its drawbacks, and to further advance probe storage technologies, a comprehensive review regarding the current status and future prospect of probe-based memories become of importance. In this paper, we first presented the physical principles of various reported probe-based memories and their respective advantages/disadvantages, as well as their current status. Subsequently, up-to-date progress made on these probe memories and some novel probe memories concepts is proposed. The prospect of a probebased memory device is finally predicted.
I. INTRODUCTION
Today digitalization has been found on majority of industries that include education, military, entertainment, and finance. This obviously generates vast amount of digital data which becomes ubiquitous in every citizen's daily life. The total amount of global data was reportedly predicted to achieve 33 Zettabytes (ZB) and 175 Zettabytes in the year of 2018 and 2025, respectively [1] . To outperform the storage demand stemming from all this data creation, the storage capacity of conventional mass storage devices such as magnetic hard disk drives (HDDs), magnetic tape, and optical disc drives (ODDs), needs to be sharply augmented. However, their respective physical drawbacks (e.g., superparamagnetic limits for HDDs and magnetic tape, and diffraction limits for ODDs) severely limits the storage potential of conventional storage devices, and make their storage capacity far behind the current storage demand [2] - [7] , as reflected in Figure 1 . Under this circumstance, it is urgent to explore some emerging mass storage devices that exhibit much higher storage capacity to meet storage requirements from both consumers and industries.
Probe-based storage memory used to be one of the most promising candidates for next-generation mass storage device. Probe memory makes use of a nanoscale probe that is originally used by scanning probe microscopy (SPM) to map surface topography [8] , to change the physical properties of the storage media. Such a process is usually named
The associate editor coordinating the review of this manuscript and approving it for publication was Cristian Zambelli. as 'Recording'. The region of storage media with resulting different properties can be discriminated from rest part of storage media through external stimulus, which is called 'Readout'. Such mechanisms are schematically in Figure 2 .
As applied stimulus is injected to the storage media via a SPM probe, the size of the recorded region strongly depends on the apex diameter of the probe, meaning that using a nanoscale probe with ultra-small apex may enable an ultra-small recorded region and consequently lead to ultra-small storage capacity. Triggered by this hypothesis, several types of probe-based storage memories, including thermo-mechanical probe memory [9] - [14] , magnetic probe memory [15] - [20] , ferroelectric probe memory [21] - [26] , phase-change electrical probe memory [27] - [34] , and phasechange thermal probe memory [35] , have been sequentially proposed, and their potential of having high storage capacity have also been demonstrated either by experiments or by simulations. Nevertheless, the study on probe-based memory still remains in laboratory level during last decade and its commercialization is yet to be realized due to some insurmountable limits such as probe wear and energy consumption. To revive public attention to probe-based memory, significant improvements on aforementioned probe memories, as well as the debut of some innovative probe storage means, are intensely required. It is therefore instructive to have a comprehensive review concerning the physical principles, history, state-of-the-art, and prospect of probe-based memory to regain researchers' interest in this potential, but not fully explored field.
In this review, we first presented the physical principles of various reported probe-based memories and their respective advantages/disadvantages, as well as their current status. Subsequently, up-to-date progress made on these probe memories and some novel probe memories concepts are proposed. The prospect of probe-based memory device is finally predicted.
II. CONVENTIONAL PROBE-BASED MEMORIES
Probe memory families, as illustrated in Figure 3 , comprise thermo-mechanical probe memory, magnetic probe memory, ferroelectric memory, phase-change electrical probe memory, and phase-change thermo probe memory. The key components of thermo-mechanical probe memory, also known as 'Millipede' memory, are polymer storage medium and a localized heating element. As can be seen from Figure 3 (a), the probe tip with a localized heating element, usually made of low-doped resistive silicon, integrated at its base, is heated to glass transition temperature (∼400 • C), and is subsequently pushed into the polymer medium. The resulting high temperature enables melting of polymer medium and readily makes probe tip penetrate through the media to create an indentation with similar size to probe tip. Therefore, the regions with and without indentations can be used to represent binary bits '1' and '0', respectively. To erase the previously written bit, probe tip is pulled back from the indentation that is thus flatten by the consequent surface tension [9] . The readout process is performed by integrating a read resistor whose resistance is sensitive to temperature at the cantilever. Penetrating probe tip through the indentation reduces the distance between tip and substrate acting as a heat sink, and significantly lowers the temperature inside the read resistor. Such a temperature change can be considered as a readout signal.
The storage capacity of thermo-mechanical probe memory can be remarkably enhanced by choosing proper probe tip and storage medium. It was reported that the rim size of the indentation determines the bit pitch, and thus becomes a critical factor for the resulting areal density [12] . Therefore, a probe with smaller tip apex and a shorter indentation depth are usually preferable to compact the rim size, thereby allowing for higher recording density. The storage medium of thermo-mechanical probe memory usually include DiesAdler (DA) polymer [11] and polyaryletherketone (PAEK) polymer [12] due to their advantageous storage features such as high wear resistance, easy deformation, and great thermal stability. The possibility of using DA and PAEK polymers to achieve 1 Terabits/inch 2 (Tbit/in 2 ) and 4 Tbit/in 2 have been demonstrated, respectively [11] - [12] , as demonstrated in Figure 4 (a). Shape memory alloy (SMA) is an alternative storage medium for thermo-mechanical probe storage due to its less susceptibility to environmental noise, high thermal conductivity, and low operating temperature [36] . These encouraging traits can effectively reduce the energy consumption during write process and result in a faster erasing operation. However, as thermo-mechanical probe memory makes use of thousands of probe tips to record data simultaneously, tip and sample wear is hence considered as a formidable issue, severely impairing the resulting density. Another issue of thermo-mechanical probe memory arises from the fact that a heated probe tip is always required for write, erasing and readout processes, which costs extra energy consumption.
The recording process of magnetic probe memory, as illustrated in Figure 3 (b), is realized by reversing the magnetization of a magnetic storage media via magnetic field emanated from the probe tip of magnetic force microscope (MFM). The MFM probe is subsequently brought in proximity to the previously written bit and the resulting magnetic force between the tip apex and magnetic bit actually deflects the cantilever up and down. Such position variation can be implemented as readout signals. As revealed by well-known NeelArrhenius law, reducing bit volume for higher recording density usually accompanies with the increase of crystalline anisotropy to maintain thermal stability. However, large crystalline anisotropy usually requires a strong magnetic field to reverse it, which can not be provided by MFM probe. This obviously limits the storage capacity of magnetic probe memory below 200 Gigabits/inch 2 (Gbit/in 2 ) [37] . One possible approach to strengthen the reverse magnetic field is to add an external field emanated from a small coil placed underneath the substrate to the original written field from FIGURE 3. Physical principles of the conventional probe-based storage memories. (a) Write, read, and erase mechanism of thermo-mechanical probe memory; (b) write mechanism of magnetic probe memory; (c) write mechanism of ferroelectric probe memory (left) and its magnetic hysteresis (right); (d) phase-change electrical probe memory when operated in write mode (left) and readout mode (right); (e) write mechanism of phase-change thermal probe memory (left) and its experimental setup for measuring the temperature distribution of the nanoheater. (a) Reproduced with permission from [9] . (b)-(d) Reproduced with permissions from [14] . (e) Reproduced with permission from [35] .
MFM probe [20] , resulting in Figure 4 (b). The feasibility of superimposing an external field to achieve 1.2 Tbit/in 2 has been verified [38] . Another scenario with immunity to the external magnetic field is to employ scanning tunneling microscope (STM) to locally heat the storage media through tunneling current to decrease the crystalline anisotropy [18] . It is therefore possible to reverse the magnetization of the heated region using a relatively low magnetic field, while maintaining a small bit volume. In addition to its write process, the readout of magnetic probe memory is also facing some physical barriers. A short tip-sample distance (< 10 nm) is generally required to allow for a readout image with high resolution. Nevertheless, MFM probe working within such a short distance usually causes a non-magnetic tip-sample interaction, thereby yielding unwanted topographic interference. A potential strategy to resolve this issue is to integrate a magneto-resistive sensor [39] or a magnetic field sensor for modern HDDs on the magnetic probe to highly improve the bit resolution [14] .
The storage mechanism of ferroelectric probe memory stems from its spontaneous polarization that can be reversibly switched by applied electric field. In this case, binary codes '1' and '0' are represented by two different polarization states. The recording process of ferroelectric probe memory is accomplished by applying an electric field to a conductive probe to switch the polarization state of the ferroelectric storage medium, as shown in Figure 3 (c). Differing from other probe memories, only '0' state can be detected by ferroelectric probe memory. As a result, '1' state needs to be erased back to '0' state prior to reading it, and the adopted erasing pulse (usually current pulse) is denoted as the readout signal for '1' state. Such a process is also named as 'destructive readout'. The fact that ferroelectric material presents much higher energy density than magnetic material implies that the undesired thermal fluctuation effect for ferroelectric material take places at much smaller volume than magnetic materials. For this reason, convention ferroelectric materials such as lead zirconate titanate (PZT) and LiTaO 3 have exhibited their capability of providing recording density up to 3.6 Tbit/in 2 [40] and 13 Tbit/in 2 [41] , respectively, as revealed by Figure 4 (c) Despite its density potential, the read/write cycles are largely increased due to such a 'destructive' readout mechanism, which may bring about severe fatigue.
Phase-change electrical probe memory, as described in Figure 3 (d), depends on a reversible and rapid transition of Chalcogenide alloy between its crystalline state with longrange atomic order and amorphous state with short-range atomic order. During recording process, a current pulse is applied to the storage medium (Chalcogenide alloy in this VOLUME 7, 2019 FIGURE 4. Achievable densities based on different probe storage memories (a) Random indentation patterns recorded by thermo-mechanical probe memory using PEAK polymer with normal spin coated sample (top), and ultraflat templated sample with different indent depth and partial erase ratio (center and bottom). (b) MFM images of written bits on magnetic sample with small applied field (left) and large applied field (right) from the coil. (c) 3.6 Tbit/in 2 ultrahigh storage density over a 1 × 1 µm 2 area using ferroelectric probe memory. (d)Topographic image of arrays of crystalline phase-change bits in an amorphous matrix at areal density of 3.6 Tbit/in 2 . (e) Proposed and experimentally fabricated images of the encapsulated tip with ultra electrically conductive region at tip apex (left) and simulated crystalline bit based on an optimized media stack using electrical probe phase-change memory at areal density of 10 Tbit/in 2 (right). (a) Reprinted with permission from [12] . (b) Reprinted with permission from [20] . (c) Reprinted with permission from [40] . (d) Reprinted with permission from [35] . (e) Reprinted with permission from [34] .
case) via a conductive probe, to heat the alloy either to the glass transition temperature to form crystallization, or to the melting temperature followed by a quick quench process to induce amorphization. The electrical resistivity difference between amorphous and crystalline states can be up to several orders of magnitude. Therefore, the readout process is performed by applying a voltage potential to the storage medium, and the resulting current variation can be treated as readout signals to differentiate the previously written bit from its background. Phase-change electrical probe memory has exhibited some storage merits that can not be reproduced by other probe memories. Unlike thermo-mechanical probe, the probe tip of phase-change electrical probe memory is not mandatory to be heated during recording process. This undoubtedly reduces the energy consumption per bit of phase-change electrical probe memory. Additionally, phasechange electrical probe memory inherits attractive storage features of Chalcogenide alloy originally used for phasechange random access memory, such as large data rate, long data retention, and great endurance [42] . Most importantly, as recorded/readout regions are mainly confined by the write/readout current, the tip apex of the electrical probe is only required to be electrically shape other than physically sharp. It is therefore possible to implement a probe tip with large physical diameter and small conductive diameter to provide high density while mitigating the tip wear.
Due to its aforementioned advantages, phase-change electrical probe memory has received considerable research efforts on both experimental design and performance simulation. Phase-change stack usually consists of a Chalcogenide alloy layer sandwiched between a capping layer and a under layer. The role of the capping layer is to protect the storage layer from wear and oxidation, whereas the under layer mainly serves as the bottom electrode to collect write/read currents. A theoretical model that consists of the Laplace equation, heat conduction equation, and JMAK equation, has been developed to mimic the corresponding electrical, thermal, and phase-transformation processes, respectively [28] , [31] . According to this model, an optimized capping layer is made of diamond-like carbon (DLC) layer whose thickness, electrical conductivity and thermal conductivity vary between 2−10 nm, 10−100 −1 m −1 and 0.5−5 Wm −1 K −1 , respectively. The under layer targeted to offer high write/readout current under a small excitation was optimized to be made of titanium nitride (TiN) layer with thickness, electrical conductivity and thermal conductivity ranging form 10 nm, 10 5 −1 m −1 , and 3 Wm −1 K −1 , to 50 nm, 5 × 10 5 −1 m −1 , and 12 Wm −1 K −1 , respectively. The Chalcogenide layer is generally considered as the Ge 2 Sb 2 Te 5 alloy (also abbreviated as GST) that has been widely employed in PCRAM and conventional optical disc because of its fast switching speed, relatively low transition temperature, and superb stability at room temperature. The amorphous GST media was reported to exhibit an unique threshold switching characteristic that the resulting current suddenly undergoes a drastic increase once the applied voltage exceeds a so-called threshold voltage [43] . The threshold voltage can be simply described as a product of the threshold field and the GST layer thickness, meaning that a thin GST layer is highly desired in order to reduce the threshold voltage. In this case the GST layer thickness is optimized to vary between 5−10 nm [31] . A silicon dioxide (SiO 2 ) encapsulated silicon (Si) probe with platinum silicide (PtSi) at tip apex has received intensive attention for phase-change probe memory. Doping PtSi at tip apex can not only enhance the electrical conduction capability due to the ultra-high electrical conductivity of PtSi, but also improve its antiwear characteristic [44] . Coating such a probe with SiO 2 can effectively expand the contact area at tip-sample interface, whereby the interfacial pressure is reduced, consequently alleviating the tip wear [45] , as described in Figure 4 (e). The potential of using such an optimized architecture to achieve 10 Tbit/in 2 has been demonstrated [34] . The disadvantage of phase-change electrical probe memory mainly stems from its amorphization process that usually requires high temperature. Such a high temperature may accelerate the oxidation of DLC capping layer, and thermally harm the device. Additionally, erasing crystalline bits is generally accompanied with the re-crystallization of surround amorphous background, likely causing a readout error. For above reasons, the development of phase-change electrical probe memory has been decelerated during last decade.
Phase-change thermal probe memory consolidates the thermal probe previously used for thermal-mechanical probe memory with the Chalcogenide alloy used for phase-change electrical probe memory to realize its storage function, as indicated in Figure 3 (e). During the recording process, a probe tip that is heated by a solid-state laser is brought in proximity to the Chalcogenide layer to induce the phase transformation through the dissipated heat energy. The readout process was conducted by detecting the impedance of a nanoheater that is in contact with the Chalcogenide layer. Owing to the thermal conductivity difference between crystalline and amorphous phases, the temperature of the nanoheater when in contact with phase-transformed region strongly differs from that when in contact with non-transformed region, thus regarded as readout signals. Phase-change thermal probe memory exhibits the capability of providing 3.3 Tbit/in 2 and over 100 write-read-erase cycles [35] , as shown in Figure 4(d) . However, such a readout mechanism drastically relies on lithographic fabrication techniques, thus deferring its progress.
III. RECENT PROGRESS ON PROBE MEMORIES
The aforementioned physical drawbacks severely restrict the commercialization of probe-based memory and because of this reason, probe-based memory has gradually attained less attention from global market than its competitor such as Flash memory. Nevertheless, the potential of probebased memories to provide for higher recording density and fast write/readout speed than Flash can not be overlooked. Therefore, tremendous efforts have been devoted either to improving the physical performances of conventional probe memories through innovating probe or storage medium, or to exploring some novel probe storage means, which is presented below.
Recently a novel magnetic probe memory that combines the write mechanism of thermomechanical probe memory with a ferromagnetic shape alloy (i.e., Ni-Mn-Ga) was proposed to provide for multi-bit storage function [46] . Similar to thermomechanical probe memory, a diamond probe is usually implemented to generate nanoindentations on a thin film of Ni-Mn-Ga alloy by the induced stress. This stressinduced compressive deformation makes martensite variants with the axis of easy magnetization (the crystallographic c direction) parallel to the applied stress grow, thereby altering the total magnetization. MFM is subsequently deployed to measure the resulting stress-induced magnetization change. In spite of plastic strains that causes a permanent nanoscale shape change, the previously formed nanoindentations can be restored thermoelastically or by an externally applied magnetic field. According to these encouraging features, a series of 5×5 arrays of indentations have been fabricated on the polished {100} face of the Ni-Mn-Ga single crystal with loading forces ranging from 5 to 26 µN. As revealed by the following MFM images, these deformed regions clearly indicate a localized change in the magnetic stray field from neutral to strong contrast, as illustrated in Figure 5(a) . A more attractive VOLUME 7, 2019 fact is that the crystallographic c direction can be switched to one of two orthogonal axes x and y through twin boundary motion facilitated by an appropriate applied magnetic field or mechanical stress orthogonal to the directionality of the dark/bright contrast, while the magnetization vector for each crystallographic state controlled by twin boundary motion can be magnetically switched 180 • . As a result, the possibility of achieving a four-state magnetic memory system by changing the magnetization direction through twin boundary motion, has been experimentally demonstrated ( Figure 5(b) ), leading to several potential applications such as quaternary non-volatile memory and Boolean operations.
In order for ferroelectric probe memory to suit practical use, its unfavorable readout operation needs to be mitigated. Piezoelectric force microscopy (PFM) readout mode is one possible method to circumvent this limit [47] . PFM readout is performed by bringing a probe tip in contact with a sample. A small alternating voltage is applied between tip and sample and the readout response consequently depends on the polarization state of the ferroelectric storage medium, which can be sensed as a readout signal by PFM at a frequency below the cantilever resonance. Another non-destructive readout approach is to take advantage of scanning nonlinear dielectric microscopy (SNOM). The SNOM readout depends on an alternating voltage applied between the SNOM probe and the ferroelectric storage medium, which induces a nonlinear dielectric response. Such a non-linearity results in a variation on the capacity of the storage medium that can subsequently alter the resonance frequency of the probe cantilever whose variation can be detected to discern the polarization state. Subnanometer and atomic scale resolutions for ferroelectric domain and surface observation of semiconductors were obtained, respectively, much higher than PFM readout. The aforementioned superiorities compared with conventional counterpart render ferroelectric probe memory based on SNOM up to 13.2 Tbits/in 2 for one-dimensional dot array and 4 Tbits/in 2 for two dimensional dot array writing, respectively [48] , as illustrated in Figure 6(a) , Recently, a HDD-type ferroelectric probe memory based on SNOM has been proposed to allow for a write rate of 20 Megabits per second (Mbps) and a readout rate of 2 Mbps, close to the idea write and readout rates of HDDs (∼1 Gbps) [49] . It is possible to further increase the readout rate to 10 Mbps by replacing the congruent lithium tantalite (CLT) with PZT, and the practicality of achieving 3.4 Tbits/in 2 based on HDD-type ferroelectric probe memory has also been demonstrated [49] , [50] .
Another promising non-destructive readout approach is to use a so-called resistive probe having an electric field sensor integrated at tip apex [51] . When this resistive probe that normally has p-type Si body and n-type Si incline is in contact with ferroelectric storage medium where a probemedium voltage is applied, resistance of the integrated sensor shows a field-dependent property, which is thus regarded as readout signals. The spatial resolution of the resistive probe is somewhat poor (∼200 nm) even if the electric field sensor is aligned with the tip apex [52] . However, it was reported that using a wedge-shape tip can effectively reduce the spatial resolution to ∼25 nm [53] , [54] , corresponding to an areal density of 1 Tbit/in 2 , as depicted in Figure 6(b) . A HDD-type ferroelectric memory using resistive probe was also developed [51] , which implemented a HDD writer and a resistive probe sensor. Such a device deploys an air-bearing slider to sustain an air gap of about 8 nm between the head and the medium, serving as tunneling barrier where the charges can flow, as in the case of alumina capped ferroelectric thin films.
According to previous findings, the write/readout performances of phase-change electrical probe memory aggressively pertain to the electrical, thermal, and geometrical properties of its capping and under layer, while previously lack of experimental measurements. In order to genuinely model the practical physical processes involved in electrical probe device, the electrical resistivities of the DLC capping and TiN under layers were measured as a function of different thicknesses. It was found that the electrical resistivity of the DLC film is almost inversely proportional to its thickness, which ranges from 0.01 to 1 m with film thickness shrunk from 30 to 5 nm. Compared with DLC capping, the electrical resistivity of the TiN bottom presents a constant value of ∼10 −5 m, particularly for its thickness greater than 10 nm [55] . For this reason, the TiN bottom electrode previously optimized to have a 40 nm thickness with an electrical conductivity of 10 5 −1 m −1 , can be achieved experimentally, while the theoretically optimized DLC capping layer with a thickness and an electrical conductivity of ∼5 nm and ∼50 −1 m −1 , still remains challenged. In spite of this, DLC film was also reported to exhibit threshold switching characteristic due to a conjugated network of sp 2 -bonded carbon cluster that forms a conductive filament connecting top electrode with bottom electrode [56] . As indicated in previous literatures, a 5 nm thick tetrahedral amorphous carbon (i.e., one typical type of DLC) film when subjected to a voltage of 3 V results in an electrical conductivity of 100 −1 m −1 [57] . As a result, it is reasonable to speculate that the electrical conductivity of a 2 nm thick DLC film may reach 100 −1 m −1 during the write process of phasechange electrical probe memory. Therefore, a pure threedimensional (3D) electro-thermal and phase-transformation model was recently proposed to assess its write and readout function under the environment of multi-bit array [58] , [59] .
The investigated architecture shown in Figure 7 (a) that comprises a 10 nm thick GST layer squeezed by a 2 nm thick DLC capping of an electrical conductivity and a thermal conductivity of 50 −1 m −1 , and 0.5 Wm −1 K −1 , respectively, and a 40 nm thick TiN layer of an electrical conductivity, and a thermal conductivity of 5×10 5 −1 m −1 , and 12 Wm −1 K −1 , respectively, not only enables an areal density of greater than 1Tbit/in 2 , but also leads to the minimal thermal and readout cross-talk effects, as illustrated in Figures 7(a) .
Although the capability of the aforementioned design to provide for ultra-high storage capacity while with the immunity to the write/read interferences has been demonstrated, its application prospect is severely impaired by the excessive temperature caused in DLC capping, thus failing the amorphization process. Such a high temperature is mainly induced by the much lower thermal conductivity of the DLC capping than probe and GST media [60] , [61] , which consequently suppresses the heat diffusion. This suggests that using a capping layer with fairly high thermal conductivity may effectively address this issue. However, increasing the thermal conductivity of the capping layer undoubtedly deteriorates the heat dissipation effect towards surrounding environment and may require larger pulse to achieve required temperature. As a result, the electrical conductivity of the capping VOLUME 7, 2019 FIGURE 7. Recent advances on electrical probe phase-change memories (a) An optimized phase-change media stack based on DLC capping and TiN bottom layers (left), The resulting crystalline bit array and thermal cross-talk effects from this optimized architecture is shown in middle panel. The right panel exhibits the reading contrast as a function of the electrical and geometrical properties of the DLC capping and GST layers based on the optimized structure. (b) The temperature distribution inside an ultra electrically conductive capping layer (ITO in this case) during amorphization process. Using such a capping layer causes a very weak reading contrast, revealed in middle panel. This drawback can be alleviated by an optics means that considers device transmission as readout signals, shown in right panel. (c) Schematic of electrical probe patterned phase-change memory with patterned capping (left top) and continuous capping layers (left bottom). The obtained crystalline bit from these two designs are illustrated in middle and right panels, respectively. (a) Reproduced with permission from [58] , [59] . (b) Reproduced with permission from [62] , [64] . (c) Reproduced with permission from [66] , [67] . layer needs to be further boomed to generate adequate joule heating for a low pulse. TiN and Indium Tin Oxide (ITO) with an electrical conductivity and a thermal conductivity of 1.25 × 10 6 −1 m −1 , and 4 Wm −1 K −1 , respectively, are two typical medium that satisfy above demand and the practicality of using these two medium for the capping layer of phase-change electrical probe memory has most recently been studied [62] , [63] , as shown in Figure 7 (b). As revealed by Figure 7 (b), due to their relatively high thermal conductivity, the maximal temperature inside the capping layer has been limited to 1000 • C and 850 • C for TiN and ITO capping, respectively, much lower than their melting point (i.e., ∼3200 • C for TiN and ∼1400 • C for ITO). This undoubtedly ensures the thermal stability of designed devices. Additionally, the ultra-high electrical conductivity of either TiN or ITO layer can to some extent offset the heat loss and guarantee phase-transformation occurring for a fairly low write pulse. The ability to achieve multi-Tbits/in 2 density based on these novel capping design has also been proved in Figure [62] , [63] . However, the capping layer with ultrahigh electrical conductivity was found to result in indistinguishable reading contrast difference between crystalline and amorphous phases [64] . This is mainly because the ultra-high electrical conductivity of the capping layer induces strong current spreading effect that drives readout current flowing along the capping layer other than focusing on the targeted bit. Such a spreading effect is more pronounced particularly for the case of reading amorphous bit from crystalline background, as majority of readout current via capping layer flow towards the crystalline background, thus making amorphous Reproduced with permission from [68] . (b) Reproduced with permission from [69] . (c) Reproduced with permission from [70] .
bit indistinguishable from crystalline background, as revealed in Figure 7 (b). It is obviously not possible to improve the reading contrast by directly tailoring the geometrical and electrical properties of the media stack. In this case, a novel optical means to sense the written bits from un-written region has most recently been devised [64] To detect the data, a mobile laser beam, via a scanning near-field optical microscopy, is focused on the surface of the media stack. As the GST media shows distinct variation on light transmission /absorption coefficient between amorphous and crystalline phases, the resulting light transmittance when the laser beam is focused on the written bit sharply differs from that when focused on the un-transformed region, thereby accomplishing the readout process. It should be noticed that the probe-sample gap and the aperture size of the SNOM probe need to be determined carefully in order for the focused laser spot to fit the size of the written bit [65] . Results depicted in Figure clearly indicated that device transmission presents a strong variation with respect to the laser spot movement for both crystalline and amorphous cases, allowing for maximal transmission contrast of 25% and 20% for amorphous and crystalline cases, respectively, as demonstrated in Figure 7(b) .
Electrical probe memory using patterned GST media [66] , as illustrated in Figure 7 (c), is another promising design targeted for ultra-high density, while eliminating the 'halo' that previously appears during the erasure of crystalline bits. Its geometry is very analogous to the conventional electrical probe memory except that the previous continuous GST media is replaced by numerous patterned cells isolated by insulator regions (e.g., SiO 2 ). Besides, to protect each cell from oxidation and wear, a capping layer is also patterned and deposited above each GST cell. As the isolated part exhibits ultra-low electrical and thermal conductivities, the unwanted current spreading phenomenon can be largely suppressed, hence minimizing the thermal and readout cross-talk effects.
For this reason, the crystalline 'halo' previously present during the erasure of amorphous bit can be completely avoided using this patterned design. Triggered by its attractive features, a patterned probe memory structure that adopts 5×5 nm GST cells separated by a 3 nm wide SiO 2 spacer sandwiched between a 10 nm thick TiN capping and a 10 thick TiN bottom layers, is proposed to offer a storage density up to 10 Tbits/in 2 as well as great thermal stability [66] , as demonstrated in Figure 7 (c) However, such a memory design requires precise probe alignment with GST cells to avoid record/readout errors. Additionally, fabricating such a device involves the patterning of both capping and GST medium, increasing its manufacture complexity. To improve this, a novel patterned probe memory architecture that replaces patterned capping cells by a continuous capping layer was recently proposed [67] , as illustrate in Figure 7 (c). By appropriately choosing the geometrical and electrical properties of the capping layer, the readout current can partially flow towards the targeted bit despite the probe misalignment, which provides better fault tolerance. The possibility of writing a bit array with Tbits/in 2 density by this device was also demonstrated, as depicted in Figure 7(c) .
In addition to shrinking probe size, the recording density of electrical probe phase-change memory can be also enhanced using multi-level strategy, as demonstrated in Figure 8(a) . Using different voltage pulses successfully induced three distinct resistance states of GST media, which corresponds to three data values, i.e., '0', '1', and '2' to achieve multilevel operations [68] . Besides this, some other Chalcogenide alloy have been recently considered as the storage medium of electrical probe memory to replace GST media. One alternative media is GeTe (GT) alloy that shows a large thermal property difference between its crystalline and amorphous phases. Therefore, the readout process of probe memory with GT media was performed by bringing a scanning thermal VOLUME 7, 2019 FIGURE 9. AFM topograph of patterned crystalline GeTe lines. Reproduced with permission from [71] .
microscopy in proximity to the GT surface to detect its thermal property variations due to different heat flow between probe and sample, as illustrated in Figure 8 (b). This opens a new way for the write and readout operation of electrical probe phase-change memory [69] . Another promising storage media is GeTe 6 alloy that exhibited low power threshold switching and an extremely low steady state current [70] . Its phase-transformation behavior from as-deposited amorphous to crystalline phases was also verified, as illustrated in Figure 8(c) .
Exciting progress was also recently made on phase-change thermal probe memory that presents several advantages when compared with its electrical counterpart, including great robustness and immunity to bottom electrode. In order to attenuate the device complexity, a novel form of phasechange thermal probe memory taking advantage of an electrically heated tip was devised [71] . According to this design, the heated probe comprises a single crystal Si cantilever with a doped tip region where current flows through the tip induces local heating. The resulting thermal energies dissipated from such heated probe can increase the temperature inside the chalcogenide film underneath the probe and induce the highly localized phase transformation when reaching the required temperature. 1 µm crystalline square patterns, as illustrated in Figure 9 , were therefore attained by varying the dissipated probe powers between 2.38 mW and 9.06 mW, while scanning tip at a speed of 500 nm/s for ∼20 minutes over GeTe films. This design enables a means towards flexible electronic and photonic applications, as the crystallization extent and the resultant feature width and depth can be easily altered by adjusting the tip temperature and write speed.
Aforementioned introductions are mainly concentrated on the improvements of already existing probe memory devices. Some new forms of probe memories have emerged likewise. Aggressive progress recently devoted to resistive random access memory made resistive materials another prospective storage media for electrical probe memory. Similar to chalcogenides, resistive materials usually exhibit a reversible resistive switching behaviour between LRS and HRS in a highly localized region confined by a nanoscale electrical probe, thus realizing the storage function. Pioneered by the findings of resistive switching phenomenon in single crystalline NiO hetero-structured nano-wires and in VO 2 thin films according to conductive probes [72] , several prototypical devices based on various resistive materials such as TiO 2 , SrTiO 2 , and MoO x [73] - [75] , have been proposed, as illustrated in Figure 10 . Their possible switching mechanism is reportedly due to formation and rupture of conductive filaments between top electrode and bottom electrode, controversially owing to an electroforming step that causes inhomogeneous oxygen vacancies [76] . However, it was most recently shown that electroforming process barely affects the resistive switching behaviour of Cu doped ZnO films and its resistive switching behaviour can only be sustained by controlling the scan rate and scan time [77] . Another experimental observation based on Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) that 18 O ions mainly exist in the surface vicinity within the positively biased region of NiO films reveals that the depletion or accumulation of oxygens ions at the bottom electrode interface caused by oxygen migration within the NiO film changes the film conductivity [78] . Additionally, probe-induced resistive switching behavior has been found on organic-inorganic lead halide perovskite materials (CH 3 NH 3 PbI 3−x Cl x ) [79] . As illustrated in Figure 11 (a), the media stack is made up of a CH 3 NH 3 PbI 3−x Cl x film deposited on FTO substrate that also serves as a bottom electrode. Different probe materials that include silver epoxy, copper and graphite were implemented to observe their impact on the resulting resistive switching. It was revealed that all three probe materials lead to a bipolar resistive switching behavior only induced by a positive voltage applied to the probe. Another intriguing finding is that such switching characteristic shows strong probe position dependence for graphite and copper probe materials, while exhibiting probe position independence for silver epoxy probe material. The switching mechanism of such a resistive material was reportedly attributed to the ion migration through the perovskite layer along the direction of applied electric field. Prior to applying stimulus, the iodide vacancies are distributed uniformly across the perovskite film, leading to a maximum gap between probe and FTO substrate. In this case, applying a positive voltage can push positive iodide vacancies toward the FTO substrate, and the subsequent accumulation of these vacancies finally forms a conductive filament to switch the device from high resistive state to low resistive state, depicted in Figure 11 (a). To restore the memory, a negative voltage is applied to accumulate the negative iodide ions near the anode to fill up the vacancies, thus rupturing the conductive filament. Differing from phase change probe memory, capping layer is not employed in this resistive probe memory design. The stability of the perovskite film when subjected to oxidation and humidity therefore become highly important. To evaluate this, the resistive switching behavior of the aforementioned device was investigated as a function of its exposure time to air in terms of the resulting current-voltage (I-V) curve, resulting in Figure. No noticeable difference was observed between the measured I-V curves before and after exposure, indicating a good stability.
Carbon-based resistive memory has recently received considerable attention because of its bond-reorganization switching process between conductive sp 2 -rich state and resistive sp 3 -rich state that allows for superior scaling potential, fast switching speed, and long retention time. As a result, the possibility of inducing resistive switching of carbon-based materials by conducive AFM was realized on a 20 nm amorphous carbon film deposited on 40 nm thick TiN bottom electrode [80] , as schematically shown in Figure 11(b) . The aforementioned PtSi probe tip was implemented to trigger the threshold switching, and to generate the conductive dots with a diameter of 20∼30 nm. The topography map and the resistance map of the region, depicted in Figure 11( [81] . Most recently an innovative form of probe storage memory based on the tip-enhanced bulk photovoltaic (BPV) effect has been proposed [82] . As shown in Figure 11 (c), a photo-responsive cell usually made of BiFeO 3 (BFO) thin film is connected to an electronic memory element consisting of an AFM probe and a storage medium exhibiting an electric field-induced property such as ferroelectric materials. The photo-responsive cell under the illumination of a laser source releases the photocurrent that can flow through the electronic memory device and is consequently collected by the AFM tip. This can considerably enhance the electric field underneath the probe tip due to the BPV effect, thus to change the physical properties of the storage medium inside the electronic memory. It write and read operations are schematically described in Figure. During the write process, the electronic memory having a PbZr 0.2 Ti 0.8 O 3 (PZT) thin film is scanned under the AFM probe operated in contact mode, allowing for photocurrent flowing from BFO cell, via PZT, into the AFM tip. The polarity change of the photocurrent controlled by the illumination position to the electrode can also switch the electric field underneath the tip, thus reversing the PZT ferroelectric polarization upward and downward. It readout operation can be achieved by either piezoelectric force microscopy (PFM) that shows a clear 180 • phase change or current mapping of the scanned area of the PZT that exhibits a giant resistance contrast. Such an optically controlled electronic memory reportedly leads to a very small current (∼few pA) to induce required electric field for coercivity reversal of the PZT film, and a short photoresponse time of ∼10 µs. This photodriven AFM tip writing mechanism can be also applied to another solid-state memory platform, i.e., quasi-two dimensional electron gas (q-2DEG) at LaAlO 3 /SrTiO 3 (LAO/STO) interface. Using the photo-induced electric field underneath the AFM tip enables a hysteretic switching behavior at the LAO/STO interface, owing to a formation of nanoscale conducting channels, as illustrated in Figure 8(b) . The subsequent PFM phase image clearly shows two different patterns with clear phase contrast.
IV. CONCLUSIONS
The prosperity of information technology today produces a large volume of digital data that needs to be stored. This simultaneously requires a dramatic increase on the storage capacity of mass storage device. The mainstream storage devices today include HDDs, solid-state drive, and Flash memory. However, their respective physical limits severely handicap their suitability for next generation mass storage demand, and only half of the total digital information is estimated to be stored in HDDs and Flash in the future [51] . Under this circumstance, developing a novel form of memory device to meet future storage demand is extremely necessary.
Probe-based storage memory was one of the most promising contenders due to its attractive potential for ultra-high density and therefore received tremendous interest during last decade. Nevertheless, some formidable technology barriers gradually degraded researchers' interest in probe-based memories, and because of this, this technology is yet to be commercialized so far. In spite of this pessimistic status, its ability to potentially provide for higher memory density and lower cost per bit than HDDs and Flash can not be underestimated, and substantial efforts have recently been made to overcome aforementioned issues, majorly focused on ferroelectric probe memory and electrical probe phasechange memory. Recent advances on ferroelectric probe memory were dedicated to the improvements of its destructive readout mechanism, achieved by SNOM and field-effect transistor-type probe. Most recently HDD-type ferroelectric data storage test systems based on both SNOM and resistive probe have emerged, respectively, to produce multi Tbit/in 2 . A more exciting fact is that several novel probe materials such as platinum iridium [40] , carbon nanotube [83] , and hard HfB 2 have been evaluated to mitigate tip endurance up to 8 km of sliding [84] . Due to the popularity of phasechange memory, electrical probe phase-change memory has been recently undergoing more intensive research than other probe memories. The main issue of electrical probe phasechange memory stems from its difficulty in amorphization. To circumvent this drawback, the DLC capping layer that was widely adopted in previous designs was replaced with other coating medium with ultra-high electrical conductivity and fairly high thermal conductivity such as TiN and ITO. This can effectively avoid the excessive temperature inside the capping layer while reducing the write energy consumption. However, using a capping layer with ultra-high VOLUME 7, 2019 electrical conductivity consequently causes a strong readout cross-talk effect that generates undiscernible readout signals between crystalline and amorphous bits. This can be alleviated by detecting device transmission variations base on SNOM techniques. Another improved version of electrical probe patterned phase-change memory that patterns storage medium into numerous cells separated by insulated region, which can encouragingly overcome the resulting cross-talk effects. Moreover, excited by developments of lithography techniques, the cell size can be further shrunk to increase the recording density. In addition to the advances on conventional probe memories, some innovative probe memory including electrical probe resistive probe memory carbonbased probe memory, and photo-induced probe memory, thus paving a new route for probe memory towards its future applications. The characteristic comparison for different probe memories is shown in Table 1 .
Despite recent resuscitation, probe-based memories are still facing many issues in order to challenge HDDs and Flash memory. Although a non-destructive readout mechanism for ferroelectric probe memory has been proposed, its recording density however does not seem to be advantageous compared with HDDs and Flash, likely caused by tip wear. Electrical probe phase-change probe memory is able to induce an areal density greater than 10 Tbits/inch 2 , whereas the difficulty in experimentally its amorphization is witnessed. Although this issue can be addressed using optical means, this undoubtedly makes write/read system much more complex than the original design, and may not be suitable for practical application. Photo-induced probe memory allows for small energy consumption and fast write speed. Nevertheless, it requires an integration of photo-induced element with an electronic memory element, severely harming the resulting integration density. Besides, the size of probe tip used for photo-induced probe memory is relatively large (∼µm), thereby resulting in much lower storage density than its compatriots. In this case, its storage capability with nanosca sized probe remain questionable. According to above comparisons, electrical probe resistive probe memory seems to be the most promising candidates to prevail HDDs and Flash for next-generation mass storage device. As the resistive switching behavior is mainly governed by electrical stimulus, the encapsulation probe tip with super-conductive region at tip apex that was originally designed for electrical probe phase-change memory is also perfectly suitable for electrical probe resistive memory to mitigate tip wear. Moreover, the advantageous traits of resistive random access memory such as ultra-high density, fast write speed, and low energy consumption can be inherited by electrical probe resistive memory. Most importantly, due to its super stability to oxygen and air, such a device can be fabricated without demanding for a coating layer, rendering it highly suitable for practical use.
